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Abstract 
The issues in the energy-efficiency process have much interest in the automotive industry. The energy criteria are also 
important in machine selection as well as productivity when new equipment is introduced on a shop floor. Remote 
laser welding having benefits for productivity and for energy saving is receiving attention in automotive assembly 
lines, but introducing this innovative equipment is a significant decision because of high initial cost in spite of the 
advantages. This paper specifically provides an estimation model of the total energy which is consumed by a robot 
arm, laser source, and cooling system. It considers the energy determined by robot operation parameters, arm path, and 
welding parts instead of the one for the laser melting phenomenon. Operational parameters and kinematic models are 
adjusted by comparison with experimental data of a car door assembly process. By developing an estimation model 
the major factors and devices determining consumed energy were found. This model will contribute to finding the 
effective process which will be improved by applying remote laser welding robot to legacy welding processes.  
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1. Introduction 
The issues in the energy-efficiency process have much 
interest in the automotive industry recently. The energy 
criteria are also important in machine selection as well 
as productivity when new equipment is introduced on a 
shop floor. Remote laser welding having a benefit on 
productivity and on energy saving is receiving attention 
in automotive assembly line; but introducing this 
innovative equipment is a significant decision because of 
high initial cost in spite of the advantages. The 
estimation model of total energy of remote welding is 
necessary.  
 
Mitsi introduced the procedure of how an automatic 
generation of robot programming used in manufacturing 
operations is developed [1]. Reinhart proposed a task 
oriented programming system with an augmented reality 
based user interface [2]. Avram developed an estimation 
model evaluating the energy requirement for 2.5D 
machining with experimental data about specific unit 
features [3]. Gregory introduced an energy estimation 
model for optimal trajectory planning with holonomic 
constraints [4]. These pieces of research have focused on 
the motion of a robot arm. 
 
However, estimation of remote lasers needs a 
comprehensive approach to energy optimization. Laser 
generation energy is higher for conventional lasers. 
More cooling energy is required than the one of 
conventional lasers. Robot arm motion which was a 
major factor of the consumed energy is smaller. For this 
reason, new energy estimation requires the efficiency of 
robot motion and laser energy. The type and structure of 
the laser source were analyzed in order to estimate laser 
generation energy as well as the analysis of robot energy 
based on dynamics.   
 
In this paper the author proposes a new energy 
estimation model for remote laser welding. In Section 2 
the basic concept of energy estimation is introduced. In 
Section 3 the process and the result of an experiment for 
stitches on a zigzag line of flat sheet metal are described. 
Then in Section 4 the difference with conventional laser 
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and the critical factor of remote lasers are discussed. 
Conclusions are given in Section 5. 
2. Energy estimation model 
The energy consumed by the robot is calculated by 
collecting the results of paths where laser welding is 
processed. A previous estimation model of milling 
machines focuses on the motion analysis of machine 
tool components. The proposed model for remote 
welding is based on the motion analysis and includes 
consideration about laser power simultaneously. 
2.1. Main steps  
The first step is to read an NC program from the 
controller. The NC program of milling and turning is 
written in a formalized language called G code. In the 
case of robot arms the translation process, however, is 
required because commercial offline programming 
systems for welding robots do not use a standardized 
code but specialized ones. 
 
The parameters of each path are collected from an NC 
program. An NC program is a basic input to analyze the 
energy of the RLW process and contains laser power and 
path data including welding speed and path point. The 
path means the positions on the trajectory of a robot arm 
and can be represented by an end-effect of an open-loop 
manipulator. The parameters required for energy 
estimation are the laser power, process time, and joint 
motion of the RLW process. Figure 4 shows the 
parameters. The process time is derived from the 
welding speed and the distance between the start point 
and end point of each path. The laser power means the 
amount of energy induced by the laser scanner. The joint 
motion is used in order to derive the kinetic energy of 
the robot arm. The three parameters are transformed into 
electric energy consumed by the RLW process. Major 
physical components of an RLW workstation are laser 
source, robot arm, and cooling of physical components. 
The energy calculation requires information about these, 
too. 
 
In the second step, the electrical energy consumed by the 
laser source is determined by the output power contact 
with the welded surface, by the energy efficiency to 
generate the laser, and by the division rate of the laser. A 
laser source can be shared by one or more robot arms. 
 
The joint motion is required to calculate the kinetic 
energy of the robot arm in the third step. The assumption 
is that the energy is directly proportional to the work 
occurring by joint motion. The kinetic energy of milling 
processes is derived from moving masses and cutting 
forces. The differences from metal milling are the 
moments of inertia and torques of joint axes. 
 
In the fourth step, the cooling system is also equipment 
which should be measured because the cooling energy of 
the laser source is higher than other welding processes. 
In order to generate the laser, a large amount of heat 
occurs in the laser source which is cooled using a water 
cooling system. If the boundary of the estimation model 
includes the whole factory, then the water management 
system of the building should be considered. 
 
The final step is to display the result of the energy 
estimation with relevant factors for overall decision 
making. The productivity factor of the assembly line is 
more important than the environmental factor. The 
feasibility, process optimization, lead time, and cost are 
high priority factors, too. Overall factors of the assembly 
line should be reported as well as the energy estimated. 
2.2. Parameter database 
The parameter database stores the experimental data for 
the compensation estimation. Fundamental data of the 
estimation is the performance and structure described in 
the equipment specification. Compensation data are 
obtained by experiments with various setups. Especially, 
the steady-state of all equipment before the welding 
process is measured as the basic consumed energy.  
 
Fig. 2 shows the data schema of parameter database. 
Each experiment has one Test table. Major measurement 
factors are energy of the robot and laser source. To 
record experimental conditions the welding part, its 
process, and equipment specification are included in the 
database. WeldingpartMat data are material type and 
reflection rate of the laser. Process data consist of 
position and orientation of the laser scanner, stitch, and 
welding joint. Equipment information is laser source 
type and robot model in order to find the specification. 
 
Fig. 1. Parameters for energy estimation of laser welding 
robot 
660   Jumyung Um and Ian A. Stroud /  Procedia CIRP  7 ( 2013 )  658 – 663 
 
3. Validating the estimation model 
3.1. Laser welding system and welding part 
 
Two pieces of sheet metal of the same shape and 
material as each other with zigzag stitches are the 
welding part of the estimation model in order to compare 
energy consumption of 2 type welding processes. The 
dimensions of the part are 1800 x 700 x 1 mm. 10 
stitches are located with a gap of 300 x 300 mm. 
 
The laser source of remote welding has a complex 
structure of high power laser. Trumpf TruDisk 4002 is a 
target laser source which consists of 4 disks and 176 
stack bars [5]. Each pump collects laser from the diode 
stack bars. It can generate a 4 KW laser. The welding 
distance of a remote laser can reach 1m or more whereas 
the range of conventional lasers is limited under about 
250 mm for effective welding [2] as shown in Fig. 3. 
 
Robots with the same mechanism are the target 
machines for comparison so as to represent the 
efficiency of remote welding accurately. COMAU has 
commercialized a remote laser welding robot called as 
Smart Laser which is the target robot. It has four robot 
arm joints and three laser manipulators consisting of lens 
zoom and scanner rotating motor. The four robot arm 
joints are the factors considered because scanner 
manipulation consumes much less energy than the robot 
motion. To collect compensation data, an energy 
measurement device is installed in the welding 
equipment. It consists of a power cell, data acquisition 
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Fig. 2. Data schema of parameter database 
 
 
Fig. 3. Conventional laser welding (left) and remote-
laser-welding with conventional long-range optic 
(right) [2]. 
Fig. 4. Robot paths of conventional laser welding (left) 
and remote laser welding (right) 
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board, and data monitoring software. The cables of the 
power cell are clamped to the power supply lines of each 
device. The power cell measures electronic power and 
transmits it to the data acquisition board. The board 
converts analogue signals into digital signals with 5000 
Hz sampling. The data monitoring software collects the 
signal and stores it in a text file. For process analysis 
welding robot and controller screen are captured by 
video camera.  
3.2. Estimation method of robot  motion 
Robot motion was analyzed based on an NC program of 
a robot as illustrated in Fig. 5. To do this, 
SOLIDWORKS and MATLAB were used for 
kinematics and kinetic analysis. After defining the 
welding point on the sheet metal, the NC program 
describing the position, orientation, speed of laser gun or 
the scanner was generated.  
 
To find the joint angles of individual robot arms inverse 
kinematics from welding points was carried out. Peter 
Corke s toolkit of MATLAB was used for inverse 
kinematics [6]. Following Denavit-Hartenberg parameter 
[7], the data of four arm joints consisting of fixed angle 
of X axis and of variable angle of Z axis was entered 
into the toolkit. After the input of the robot model was 
complete, the initial position of the robot arm was found 
by forward kinematics. All points of the welding path 
were adjusted to the robot model of the toolkit along the 
reference point which is the initial position. Joint angles 
of robot arms to move to each welding point were 
derived by inverse kinematics from converted welding 
points. The process time was calculated from the 
distance between each point on the welding path with 
the welding speed known from the NC program. For 
generating the input data for kinetic analysis the joint 
velocity was calculated from the joint angles and process 
time of each path. 
 
The assumption of the kinetic analysis is that the electric 
energy of the robot motion increases with change of 
work of the joint motor. The solid model and assembly 
data which was designed using SOLIDWORKS were 
exported in a data format for the MATLAB 
SimMechanics toolkit. SOLIDWORKS calculated to 
approximate mass, centre of gravity, and momentum of 
inertia. After the input to the toolkit, it was necessary to 
modify these to the specification data. Then, joint 
controllers and monitoring modules of joints were added. 
Next the parameters of joint velocity and initial angle of 
robot arm derived from inverse kinematics were entered 
into the toolkits. The parameters were adjusted to the 
robot model designed by SOLIDWORKS. After all data 
were collected, the torque and work consumed in 
moving between welding points were calculated by the 
toolkit.    
3.3. Estimation method of laser source 
The energy of the laser source and cooling system was 
estimated with the assumption that the consumed energy 
is continuous during the welding process because laser 
power is constant. The laser source, which is TruDisk 
4002, used in this research has four serial disks to cool 
the laser and 16 diode stacks composed of 11 diode bars 
which generate a 100 W laser. The relation with pump 
power and disk power is proportional. The cooling 
device installed in the laser source consumes half the 
amount of energy for laser generation in order to 
 
Fig 5. The energy estimation process of the robot motion 
 
Inverse kinematics: Joint angle Kinetic analysis: Torque & Work
X
ZY
Welding
path
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maintain constant temperature of its diodes and disks. 
The rate obtained from the structure and from 
experimental data of the laser source was used for 
calculating the estimated energy of welding process. 
 
This estimation method was updated from the 
experimental data obtained by the measurement device 
during the welding process. 
3.4. Result 
Energy analysis consists of robot motion and the energy 
rate of major components. Fig. 5 illustrates the 
comparison on the energy and process time of two laser 
processes. In the conventional laser, the process time of 
approach and retract paths are more rapid than the 
welding path. The approach and retract path is 10 times 
faster than the welding path. Since gravity influences the 
energy of welding process, the path energy is 
represented as a zigzag line. In the remote laser the 
tendency of the energy is different from the one of 
conventional laser. Especially the welding energy is very 
low. 
 
Fig. 7 shows the energy rate of the laser generation of 
remote laser process is increased tremendously. The rate 
of the laser generation is 98% whereas the rate of 
conventional laser process is 28%. Total reduction of the 
welding energy shows 8.28% by using the remote laser.  
4. Discussion 
From the result it is found that the effect of laser source 
and the stitch is important. The efficiency of the laser 
source is critical in remote laser process. The same laser 
source is used for the validation of the proposed energy 
estimation model. Generally the efficiency of the laser 
source is reduced in low power. Thus the selection of the 
laser source is an important issues in remote laser. And 
the shape of stitches also affects the total energy of 
remote laser process. The long welding path tends to let 
the sheet metal expose on high power laser during long 
time. If the stitch shape is minimized, total energy will 
be reduced. 
 
The result indicates that laser power and process time 
were major factors in the estimation of consumed energy. 
This differs from generic machining energy which is 
 
Fig. 6. Energy and time profiles of robot motions of 2 laser processes 
 
 
Fig. 7. Comparison of consumed energy rate (left) and of process time (right) 
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consumed by 100% machine motion. The rate of robot 
motion and laser generation was different from metal 
cutting machines and conventional laser welding. A high 
rate of laser source causes high power laser for remote 
welding using a huge amount of energy to cooling disks 
and diode bars.  
 
For this reason, the previous optimization of only the 
welding path is not sufficient to increase the efficiency 
of remote welding due to the changed rate of laser 
energy. Laser power is a critical factor for energy 
consumption. Reducing process time, however, is still 
evaluated as a major factor because the amount of laser 
generation energy follows welding process time. Thus, 
an integrated method to optimize process time and laser 
power is necessary. 
5. Conclusions 
In this research energy estimation for remote laser 
welding is developed. Major parameters are derived and 
represented by the database schema. Kinetic analysis of 
robot motion and experimental interpolation of laser 
energy is carried out. The comparison with the welding 
energy of the process for a simple welding part shows 
that motion energy is reduced while the laser energy is 
increased. This means that the laser power analysis is 
more important than the case of conventional laser 
welding. Process time and laser power are major factors 
for energy efficiency of remote welding. Therefore, a 
new energy estimation model considering these factors 
is necessary. The proposed model is improved by 
gathering the experimental data from various 
combinations of robot structure and welding parts.  
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